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Scratching Induces Overactivity in Motor-Related
Regions and Reward System in Chronic Itch Patients
Hideki Mochizuki1, Alexandru D.P. Papoiu2, Leigh A. Nattkemper1, Andrew C. Lin1, Robert A. Kraft3,4,
Robert C. Coghill5 and Gil Yosipovitch1
Scratching evokes a rewarding and pleasurable sensation, particularly in chronic itch patients. To date, no study
has investigated the cerebral activity during scratching in chronic itch patients and whether it differs from that in
healthy subjects. Using arterial spin labeling functional magnetic resonance imaging, we analyzed and compared
the cerebral mechanism of self-scratching and its correlation with pleasurability in 10 patients with chronic itch
and in 10 healthy controls. Cowhage was applied to the right forearm to induce itch. Scratching signiﬁcantly
attenuated the itch sensation (Po0.001) and evoked an associated pleasurability. Scratching-induced
pleasurability signiﬁcantly activated the reward system in the chronic itch and healthy groups, conﬁrming that
this reward system has a crucial role in scratching-induced pleasurability. A higher activity during scratching in
chronic itch patients, versus healthy controls, was noted in brain regions related to motor control and motivation
to act, including the supplementary motor area, premotor cortex, primary motor cortex, and midcingulate cortex,
as well as the caudate nucleus involved in the reward system. This overactivity may be associated with the
addictive scratching and/or neural hypersensitization.
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INTRODUCTION
Chronic itch is a major symptom in dermatological diseases,
such as atopic eczema and psoriasis, and a major bothersome
symptom in other diseases such as end-stage renal disease
(Yosipovitch and Bernhard, 2013). Itch is an unpleasant
sensation that promptly triggers a scratching response to
suppress or attenuate the itch sensation. At the same time, it
evokes a rewarding and pleasurable sensation. This hedonic
experience is associated with activation of the reward system,
including the midbrain, striatum, anterior cingulate cortex
(ACC), and orbitofrontal cortex (OFC) (Papoiu et al., 2013;
Mochizuki et al., 2014). Studies using questionnaires have
demonstrated that chronic itch patients rate scratching as
pleasurable and that correlated well with their itch intensity
(Dawn et al., 2009; O'Neill et al., 2011). It was also reported
that in chronic itch patients, despite being initially somewhat
pleasurable, scratching could lead to a counterproductive
effect: an increase in the intensity of itch, which contrasts with
the effect of scratching in healthy volunteers (Ishiuji et al,
2008). Thus, these patients frequently scratch the skin, and in
some instances they continue to scratch until they cause pain
and bleeding (Zschockea et al., 2000; Rishe et al., 2008). The
skin damage leads to a vicious itch and scratch cycle that
further aggravates itch. Therefore, it is important to understand
the cerebral mechanism of how scratching-induced pleasur-
ability induces the pathological scratching behavior in these
patients. However, the underlying cerebral mechanism of this
behavior was still unclear, as no study has investigated brain
activity during scratching in chronic itch patients. Motor-
related regions such as the supplementary motor area (SMA),
premotor cortex (PM), primary motor cortex (MI), and
midcingulate cortex (MCC) and reward system are associated
with motor control and motivational aspect of behavior (Vogt
and Sikes, 1990; Freid et al., 1991; Kupfermann et al., 2000).
Thus, we hypothesize that there are some differences in
activity in these regions during scratching an itch between
chronic itch patients and healthy subjects. In a previous study,
we have investigated the cerebral mechanisms of active self-
scratching and their association with pleasurability in healthy
volunteers (Papoiu et al, 2013). In the present study, we
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expanded the investigation of the cerebral mechanisms of
active scratching, of their association with pleasurability in
patients with chronic itch, and subsequently compared the
observed patterns with the results obtained in healthy
subjects. We have used the technique of arterial spin
labeling functional magnetic imaging resonance (ASL-fMRI)
named 3D-GRASE-PROPELLER (gradient echo and spin echo
—periodically rotated parallel lines with enhanced recon-
struction), as described previously (Tan et al., 2011; Papoiu
et al., 2013), which is a robust tridimensional technique that is
less affected by motion artifacts.
RESULTS
Itch and pleasurability ratings
Statistical analysis of One-way analysis of variance (ANOVA)
of the mean visual analog scale (VAS) rating of itch showed
statistical signiﬁcance (F (3, 36)= 21.59, Po0.0001). Bonfer-
roni’s comparison showed that itch intensity was signiﬁcantly
(Po0.05) lower during scratching-an-itch condition com-
pared with the itch condition (without scratch), both in the
chronic itch and healthy control groups (Figure 1a). Itch relief
did not differ signiﬁcantly between healthy and chronic itch
groups (Figure 1b). There was no signiﬁcant difference in the
VAS rating of pleasurability between condtions or between
groups (F (3, 36)= 1.689, P= 0.18) (Figure 2a). However, the
Δ pleasurability (i.e., pleasurabilty in the scratching of an itch
condition minus that in the scratching-alone condition) in the
healthy control group was higher than that in the chronic itch
group (P= 0.05) (Figure 2b). High VAS rating of pleasurability
(i.e., greater than 5) was observed in six chronic itch patients
during scratching without itch and in ﬁve chronic itch patients
during scratching an itch. However, only two healthy subjects
rated pleasurable scratching without an itch.
MRI data
Activations during scratching an itch and scratching alone.
Several brain regions showed signiﬁcant activation in the
scratching-an-itch condition compared with baseline in the
chronic itch and healthy control groups—namely, motor-related
regions such as SMA, PM, MI, and MCC, the reward processing
areas in the midbrain, striatum including the caudate nucleus and
putamen, the ventral part of the medial prefrontal cortex and
ACC, the dorsal part of the medial prefrontal cortex (dmPFC), the
lateral prefrontal cortex (lPFC), the primary somatosensory cortex
(SI), the parietal cortex, the precunues, the opercular cortex
(OPC) including a region corresponding to the secondary
somatosensory cortex (SII), the insular cortex (IC), glubus pallidus,
thalamus, cerebellum, and periaqueductal gray (PAG) and
pons (Figure 3 and Table 1). Similar to the scratching-an-itch
condition, motor-related regions and the reward system were
signiﬁcantly activated by scratching alone, compared with
baseline in both groups (Figure 3b and Table 2). A complete
list of signiﬁcant activations in this contrast (i.e., scratching alone
vs. baseline) has been summarized in Table 2. Several motor-
related regions such as the SMA, PM, MI, and MCC and reward
processing areas such as the vmPFC, OFC, striatum, and
midbrain showed positive correlations with the intensity of
pleasurability in the chronic itch group in the scratching-an-itch
and/or scratching-alone conditions (Figure 4a and Supplemen-
tary Table 1 online), whereas such signiﬁcant correlations were
less observed in the healthy control group (Figure 4b and
Supplementary Table 2 online).
Signiﬁcantly higher activity for the chronic itch group. Activity
in the SMA, PM, MI and MCC, dmPFC, temporal cortex, and
precuneus showed signiﬁcantly higher activity in the chronic itch
group compared with the healthy control group (Figure 3a and
Table 1). In the scratching-alone condition, signiﬁcantly elevated
brain activity in the chronic itch group compared with the
healthy group was observed in the SMA, PM, MI, MCC, the
caudate nucleus, and OFC as well as in the dmPFC, SI, parietal
cortex, temporal cortex, and IC (Figure 3b and Table 2).
Deactivations during scratching an itch and scratching alone.
Signiﬁcant deactivations in the temporal cortex and hippo-
campus were observed in both chronic itch and healthy controls
in the scratching-an-itch condition (Supplementary Table 3
online). In addition, signiﬁcant deactivations were also observed
in the occipital cortex, hypothalamus, cerebellum, and pons in
the chronic itch group, whereas in the healthy group deacti-
vations were observed in the vmPFC, parietal cortex, and
OFC (Supplementary Table 3 online). In the scratching-alone
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Figure 1. Itch intensity and itch relief during scratching. (a) Itch intensity in
the “itch alone” condition (I.) and scratching-an-itch (S. I.) conditions. (b) Itch
relief provided by scratching in the healthy control (H) and chronic itch (P)
groups. Statistical signiﬁcance (analysis of variance followed by Bonferroni):
*Po0.001.
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Figure 2. Pleasurability induced by scratching. (a) Pleasurability under
scratching-an-itch (S. I.) and scratching-alone (S.) conditions. (b) The
pleasurability change in the healthy control (H) and chronic itch (P) groups.
Open circle: individuals; ﬁlled circle: mean.
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condition, the chronic itch group showed signiﬁcant deactiva-
tions compared with baseline in the occipital cortex, putamen,
cerebellum, and midbrain, whereas signiﬁcant deactivations
were observerd in the dmPFC, PM, temporal cortex, occipital
cortex, and caudate nucleus (Supplementary Table 4 online).
DISCUSSION
In the present study we investigated the cerebral mechanisms
of scratching in relation to pleasurability in chronic itch
patients, in comparison with healthy volunteers. We observed
that the chronic itch group perceived scratching as pleasur-
able irrespective of the presence or absence of cowhage-
induced itch. Moreover, activity in the motor-related regions
and reward-processing areas during scratching was signiﬁ-
cantly higher in the chronic itch group, compared with the
healthy control group. These ﬁndings may enable us to
identify and advance our understanding of the brain network
underlying the itch scratch cycle in chronic itch patients.
Pleasurability and the reward system
Pleasure was equally evoked by scratching an itch, in both
chronic itch and healthy control groups. The pleasurability of
self-scratching was previously shown to be associated with a
signiﬁcant activation of the reward circuits (Papoiu et al.,
2013; Mochizuki et al., 2014). The common notion is that
pleasurable sensation induced by scratching is noted when
one perceives the itch sensation. This is reﬂected in the results
of pleasurable ratings of an itch presented in Figure 2b.
However, the majority of chronic itch patients reported an
intense pleasurable sensation, regardless of whether or not
exogenous cowhage itch stimuli were applied to the skin. This
may be explained by our brain imaging data. As shown in
Figure 3b, the evoked activations in the caudate nucleus and
OFC, reward-related areas, induced by scratching alone were
signiﬁcantly higher in the chronic itch group compared with
the healthy group. This overactivity may explain why the
chronic itch group reported the intense pleasurable sensation
in the scratching-alone condition. Another possible explana-
tion is that patients did not report a preexistent notable itching
during the scanning sessions; chronic itch patients might still
have a level of “subliminal” itch. This could induce a
pleasurable experience in these patients. The higher activity
in the reward system shown in Figure 3b may be associated
with the pleasurable sensation caused by scratching skin
sensitized by the preexistent (chronic) itch. Pleasurability can
be a cause of addictive scratching behavior. The behavioral
and brain imaging data may suggest that targeting the brain
areas that are overactive may reduce the urge to scratch in
chronic itch patients.
Higher activity in motor-related regions for the chronic itch
group
Motor-related regions such as the SMA, PM, MI, and MCC
were signiﬁcantly activated by self-scratching in both groups,
either in the presence or in the absence of experimental itch
induction. However, brain activation in these regions was
signiﬁcantly higher in the chronic itch group compared with
the healthy group (Figures 3a and b). In the present study,
scratching was performed on a limited area on the right
forearm, to minimize individual differences in scratching
behavior. In addition, subjects were asked to scratch using
only the ﬁngertips of the left arm and were not allowed larger
movements of the upper extremity. Moreover, the duration of
scratching was the same in all subjects in both groups—
4 minutes and 54 seconds—as they were asked to scratch
during the entire scan period. The motor action of scratching
was similar between the two groups. Therefore, it would have
been expectable that the brain’s motor activity was similar in
the two groups. Chronic itch patients have repeatedly
scratched their body in daily life for a long term, whereas
healthy subjects have not. In this point of view, it could be
possible to interpret that the higher activity for the chronic itch
group just reﬂected the difference in the level of skilled
behavior (i.e., scratching). However, this possibility would be
small, as excitability of motor-related regions is higher in
untrained conditions than in trained conditions (Toni et al.,
1998; Bernardi et al., 2013). Several studies have reported
that motor-related regions are associated not only with motor
preparation and execution but also with addictive behaviors
and an urge to act. An fMRI study of nicotine dependence
reported that smoking cue–induced activations in motor areas
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Figure 3. Signiﬁcant activations during scratching. Brain regions signiﬁcantly
activated in the “scratching an itch” condition compared with baseline (a) and
the scratching-alone condition compared with baseline (b). Signiﬁcant
activations in the chronic itch (red) and healthy control (blue) group are
shown. Yellow regions depict signiﬁcantly higher activity in the chronic
itch group compared with the healthy group. Statistical signiﬁcance was
po0.05 for cluster level (corrected for whole brain) and Z-score42.3.
MCC, midcingulate cortex; Prec, precuneus; PCC, posterior cingulate cortex;
SMA, supplementary motor area.
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Table 1. Activations in the scratching-an-itch condition.
Chronic itch patients Healthy controls Patients 4 controls Controls 4 patients
Coordinate Z-score Coordinate Z-score Coordinate Z-score Coordinate Z-score
Brain regions x y z x y z x y z x y z
dmPFC − 22 32 54 6.37 8 20 54 5.88 −22 32 50 5.26
− 14 38 54 7.03 30 48 32 5.34 −24 0 58 4.87
38 10 42 5.28 −24 10 60 4.68
30 2 64 4.8
−18 2 70 5.52
vmPFC − 12 56 6 6.41
− 30 44 0 6.95
− 14 56 14 4.39
lPFC 48 14 8 9.25 44 14 42 5.06
− 52 14 16 4.78 − 44 2 20 6.41
SMA 4 10 54 11.39 0 12 66 4.89
0 −8 50 8.64 − 4 − 10 62 9.61 0 − 8 50 8.32
0 − 18 50 9.79 6 4 54 4.74 10 −22 62 6.16
PM − 48 −6 28 5.95 42 − 2 40 6.44 −26 0 56 4.74 38 2 38 6.02
52 4 48 9.84 30 −12 50 4.35
30 −2 52 6.01
MI − 30 − 22 56 7.8 12 − 28 68 5.01 4 −18 70 5.01 40 −14 42 3.55
− 46 − 6 32 6.81
SI − 38 − 28 50 5.88 44 − 14 28 6.04
− 56 − 20 36 8.15 − 2 − 30 68 5.3
− 34 − 38 52 4.73
Parietal cortex − 48 − 54 26 9.01 − 48 − 32 30 8.9
48 − 54 36 7.71 − 62 − 28 22 6.72
− 18 − 52 70 7.85 58 − 56 42 6.56
60 − 46 14 7.71 48 − 38 52 4.93
24 − 52 70 4.97 − 34 − 34 36 5.42
− 26 − 44 62 4.26
Occipital cortex 14 − 74 12 9.54
− 38 − 66 18 8.24
OPC − 56 0 8 9.11 54 − 32 32 10.92 42 2 12 4.02
− 54 − 26 24 8.64 − 54 − 34 28 8.14
38 − 6 18 7.57
Temporal cortex −50 −36 12 6.75
ACC 12 44 20 6.48 6 18 22 6.83
4 38 22 6.03 8 38 6 6.33
6 − 30 44 7.03
MCC 4 18 34 5.57 6 − 16 34 6.32 0 −24 34 5.92
− 4 − 26 30 7.55
Precuneus 6 − 54 14 9.54 − 6 −46 40 3.93
IC 38 −6 4 8.05 40 4 0 7.41 40 −18 12 3.39
42 0 4 6.66 40 − 18 12 6.58
− 36 − 20 6 8.85 − 34 − 14 −4 11.18
− 34 − 10 10 8.24 − 34 0 0 8.59
− 30 12 8 6.9
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such as the SMA and PM were higher in patients with severer
nicotine dependence (Smolka et al., 2006). A clinical study
using repetitive transcranial magnetic stimulation (rTMS)
reported that compulsive urge for a certain behavior
(obsessive compulsive disorder) was improved after the
application of 1 Hz, rTMS to the SMA, which reduces the
excitability of neurons in this area (Mantovani et al., 2013).
On the other hand, excitations of the SMA by electrical
stimulation induced an urge to act (Fried et al., 1991).
Electrical stimulation of the MCC can also induce a similar
effect (Vogt and Sikes, 1990). A single unit recording study in
a monkey demonstrated that motivation to act caused by an
expected reward enhances activity in the SMA and PM
(Roesch and Olson, 2003). These studies indicate that activity
in motor-related regions is partly associated with motivational
aspects of behavior. Pleasurability is one of the major factors
that motivate and reinforce behaviors (Fibiger et al., 1987;
Wise and Rompre, 1989). In the present study, activity in the
motor-related regions signiﬁcantly and positively correlated
with VAS ratings of pleasurability induced by scratching in the
chronic itch group, irrespective of the coexistence of an
experimentally induced itch (Figures 4a and b). This result
may suggest that activity in motor-related regions observed in
the chronic itch group reﬂects the desire to scratch. It was
speculated that the higher activity in the motor-related regions
reﬂected the stronger desire to scratch in chronic itch patients.
Other brain regions
There were several other brain regions showing signiﬁcant
activations in scratching an itch and scratching without an
itch, such as the dmPFC, lPFC, SI, OPC including the SII, IC,
parietal cortex, temporal cortex, precuneus, cerebellum, PAG,
midbrain, and pons in the chronic itch and healthy control
groups. In particular, we found an interesting trend in activity
in the cerebellum. Previous fMRI studies of active and passive
scratching on healthy subjects observed signiﬁcant activation
of the cerebellum (Vierow et al., 2009; Papoiu et al., 2013;
Mochizuki et al., 2014). A similar result was also observed in
the healthy group in the present study. Of note, deactivation
in the cerebellum was observed in the scratching-an-itch
and scratching-alone conditions in the chronic itch group
(Supplementary Tables 3 and 4 online). The cerebellum is
associated with coordination of motor activities (Stoodley and
Schmahmann, 2010). The cerebellum sends projection to the
Table 1. (Continued )
Chronic itch patients Healthy controls Patients 4 controls Controls 4 patients
Coordinate Z-score Coordinate Z-score Coordinate Z-score Coordinate Z-score
Brain regions x y z x y z x y z x y z
− 38 − 2 2 6.58
Striatum 20 18 10 8.99 14 − 2 12 10.93
30 0 0 5.78 28 − 4 8 4.99
− 16 12 2 6.79 12 2 −2 5.73
− 22 − 10 2 6.36 24 8 2 9.47
8 16 2 3.71
− 24 6 4 4.98
− 20 − 6 0 4.72
Thalamus 4 − 10 10 7.24 14 − 16 −6 6.16
−6 − 20 12 7.7 10 − 16 0 4.55
18 − 24 4 4.08
− 2 − 8 4 5.78
− 14 − 14 4 4.21
Cerebellum 34 − 68 − 30 6.47 0 −50 − 42 5.55
42 − 72 − 44 6.31 10 −54 − 52 5.39
−8 −48 − 14 4.18
PAG − 4 − 32 −8 4.36
Midbrain − 10 − 22 −18 4.97 − 4 − 22 − 10 6.24
− 8 − 18 − 16 3.35
Pons 10 − 18 −22 9.47 − 10 − 24 − 24 5.08
Abbreviations: ACC, anterior cingulate cortex; dmPFC, dorsal part of the medial prefrontal cortex; IC, insular cortex; lPFC, lateral prefrontal cortex; MCC,
midcingulate cortex; MI, primary motor cortex; OPC, opercular cortex; PAG, periaqueductal gray; PM, premotor cortex; SI, primary somatosensory cortex;
SMA, supplementary motor area; vmPFC, ventral part of the medial prefrontal cortex.
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Table 2. Activations in the scratching alone condition.
Chronic itch patients Healthy controls Patients 4 controls Controls 4 patients
Coordinate Z-score Coordinate Z-score Coordinate Z-score Coordinate Z-score
Brain regions x y z x y z x y z x y z
dmPFC 12 30 60 6.98 44 10 56 4.65
0 34 58 5.39
vmPFC 18 54 6 7.7
24 46 10 6.98 34 52 14 10.29
−44 44 16 5.78
−24 44 16 4.68
lPFC 60 6 28 10.44 46 14 6 8.66
44 36 4 7.35 50 24 6 7.63
38 4 38 7.15
SMA 6 18 48 7.23 4 24 48 8.02
6 8 48 6.79
0 −8 52 8.11 0 −8 52 7.42
−4 4 58 4.45 8 −8 56 5.41
−18 −4 60 5.52
PM 40 −8 54 8.81 40 −8 54 8.71
36 −6 62 9.15 26 −4 56 4.85
−22 −8 50 3.93
MI 32 −26 60 9.55 −2 −30 68 6.48 −36 −26 54 6.94
−2 −34 64 5.83 −4 −24 74 4.47
−34 −24 52 7.92
SI −32 −36 44 9.08 24 −36 56 7.71
Parietal cortex −24 −36 66 6.95 60 −30 38 6.75 40 −48 52 4.6
−32 −58 54 5.38 −56 −30 38 9.22
OPC 60 −22 24 9.57 54 −30 24 6.24
−56 −32 18 8.57 −50 −28 20 12.27
− 58 −34 24 7.39 46 −34 20 7.09
38 2 18 8.97 −36 −6 16 5.18
38 −20 22 8.15
Temporal cortex −52 −58 8 7.14 −48 −36 12 6.19
−52 −60 12 5.47
Occpital cortex 22 −46 −8 5.52
ACC 4 26 28 8.91
−4 32 22 4.85
MCC 6 24 32 5.67 6 −26 28 9.23 0 −16 28 4.9
Precuneus −4 −56 22 7.08
OFC −24 36 − 16 7.98 −8 54 − 18 3.03
−24 60 − 8 6.57 −12 30 − 8 4.74
−42 22 − 12 4.07
IC 34 −4 2 9.77 42 −2 0 7.67 −36 −20 2 3.16
−36 −14 6 9.93 38 −6 12 10.62 10 −24 4 6.49
−36 0 − 14 8.99 −34 −28 16 4.37
−42 −2 6 8.56
Amygdala 26 0 − 16 6.96
Striatum 26 16 0 5.16 30 −6 8 9.2 −8 18 − 4 3.35
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cortical motor areas via the thalamus, and this network is
considered to have an important role in motor control (Ghez
and Thach, 2000). The signiﬁcant deactivation of the
cerebellum may also be associated with the enhanced
activity in the motor-related regions observed in the present
study and excessive scratching seen in chronic itch patients,
as the deactivation may be a lack of control of motor activity
in this population.
Limitations
The sample size of the present study was small and not
homogenous but is considered to be a meaningful size at par
with other clinical fMRI studies. Nontheless, additional
studies in larger samples and different types of chronic itch
may shed more light on the brain network involved in itching
and scratching. In the present study, the chronic itch group
was purposely selected to be heterogenous and included
different types of chronic itch that is severe above VAS 6 in
atopic eczema, psoriasis, and end-stage kidney failure. As
previously shown by us, in all of these groups scratching
induced a signiﬁcant pleasurable response that was related to
itch intensity. Thus, we aimed to identify a common
denominator in brain activations regardless of the cause of
chronic itch. In the present study, we found the common
denominator in the chronic itch group: the overactivity in the
motor-related regions and reward system. Future studies
should address this issue to better understand the pathophy-
siology of each type of chronic itch as there may be
differences in brain activation.
In the present study, individual difference in scratching
behavior was minimized by restricting the area to scratch and
instructing participants to scratch in the same way (e.g.,
scratching with ﬁnger pads) and for the same duration.
However, it was impossible to account for force and speed as
subjects were asked to scratch as they do when they have an
itch. These factors may differ between the two groups, which
could potentially affect the difference in activity we found in
motor-related regions between the two groups.
CONCLUSION
We observed that chronic itch patients perceived intense
pleasurable sensation regardless of whether the skin was
itching. In addition, scratching in chronic itch patients
induces a more robust activation of motor-related regions
and of the reward system, when compared with healthy
subjects. These unique features could be potential factors that
drive an addictive scratching observed in chronic itch patients
and possibly inducing neural hypersensitization in the central
and/or peripheral regions.
MATERIALS AND METHODS
Subjects
Ten chronic itch patients and 10 healthy volunteers were enrolled in
the present study. The 10 healthy subjects were selected from our
previous study (Papoiu et al., 2013) so that both groups (i.e., chronic
itch and healthy control groups) had similar age and number of male
and female participants. Therefore, there was no signiﬁcant
difference in age between the two groups (chronic itch group
(mean± SD): 37.2± 14.7 years old; healthy control group:
31.4± 10.5 years old; two-sample t-test: P= 0.32). In addition, the
number of males (7 subjects) and females (3 subjects) in the chronic
itch group was similar to that in the healthy control group (male: 6;
female: 4). The chronic itch patients suffered from atopic eczema (6),
psoriasis (2), and end-stage renal disease/uremic pruritus (2). All
Table 2. (Continued )
Chronic itch patients Healthy controls Patients 4 controls Controls 4 patients
Coordinate Z-score Coordinate Z-score Coordinate Z-score Coordinate Z-score
Brain regions x y z x y z x y z x y z
−10 10 0 6.52 32 0 − 8 7.81
−18 8 − 6 5.87 28 0 − 2 6.94
−34 10 0 6.29
Thalamus −8 −24 8 6.49 16 −16 6 7.78 18 −18 6 4.41
12 −14 − 2 5.66 −8 −30 6 5.18 12 −26 6 4.36
22 −82 −36 4.54
Cerebellum 42 −58 − 28 9.47 34 −72 −26 3.93
38 −60 − 40 10.37 34 −80 −40 3.71
−20 −42 − 26 5.44 0 −34 −14 5.76
−30 −46 − 36 3.11
PAG 0 −36 − 12 5.6
Midbrain 0 −20 −12 2.97
Abbreviations: ACC, anterior cingulate cortex; dmPFC, dorsal part of the medial prefrontal cortex; IC, insular cortex; lPFC, lateral prefrontal cortex; MCC,
midcingulate cortex; MI, primary motor cortex; OFC, orbitofrontal cortex; OPC, opercular cortex; PAG, periaqueductal gray; PM, premotor cortex; SMA,
supplementary motor area; SI, primary somatosensory cortex; vmPFC, ventral part of the medial prefrontal cortex.
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participants provided written informed consent and the study was
approved by the Internal Review Board of Wake Forest University
Health Sciences.
Itch induction using cowhage
A number of 40–45 cowhage spicules were applied to one area (non-
lesional site) of the right inner forearm of the study participants. The
spicules were gently rubbed for 20 seconds onto the skin with a
circular motion to facilitate contact until a substantial itch sensation
was induced. Once the participants perceived the itch sensation (60
seconds post application), the cowhage spicules were removed using
adhesive tapes (Scotch, 3M, St. Paul, MN).
Experimental design
Whole-brain fMRI imaging was performed for four conditions: at
baseline, scratching alone, itch, and scratching an itch. The order of
these conditions was ﬁxed: we performed two baseline ASL scans;
one ASL scan for scratching in the absence of an itch; one control
ASL scan for cowhage itch alone; without scratching; and one ASL
scan for continuously self-scratching an itch induced with cowhage.
In the scratching-alone condition, subjects were asked to scratch
their right forearm (by themselves) during the entire scanning period
(4 minutes and 54 seconds) using only the tips of the ﬁngers of the
left hand. Study participants were instructed to scratch the itch,
as they would usually do in real life, but were asked to keep the
same “intensity” of scratching for the entire duration of the scan
(4 minutes 54 seconds). No other movements were allowed during
scanning.
In the itch condition, acute experimental itch was induced by
applying cowhage spicules on the distal volar side of the right
forearm, as previously reported (Papoiu et al., 2013). Immediately
after itch induction (60 seconds post application), spicules were
carefully removed with adhesive tape. In the scratching-an-itch
condition, itch was re-induced with cowhage 5 cm away from the
previous site, on the volar side of the right forearm. After removing
spicules, the itchy area was scratched by study participants
themselves during the entire scan period in a similar fashion, as
mentioned above. At the end of the itch and scratching-an-itch
conditions, the subjects were asked to rate the intensity of perceived
itch using VAS ranging from 0 (no itch) to 10 (maximum unbearable
itch/“the worst itch imaginable”; Furue et al., 2013). In addition, at
the end of each epoch of scratching, subjects were asked to rate the
intensity/magnitude of the pleasure perceived, using VAS ranging
from 0 (no pleasure) to 10 (most pleasurable).
Statistical analysis of psychophysical data on itch intensity,
pleasurability, and itch relief
One-way ANOVA followed by Bonferroni’s multiple comparison for
mean VAS rating of itch and pleasurability was performed.
Differences in VAS ratings of itch sensation between itch and
scratching-an-itch conditions (i.e., itch relief) were calculated for
each subject. In addition, the VAS ratings for pleasurability in the
scratching-alone condition were subtracted from those in the
scratching-an-itch condition (i.e., Δ pleasurability). The itch relief
and pleasurability differences were compared between the chronic
itch patients and healthy controls. Two-sample t-tests were
performed for these analyses. A statistically signiﬁcant threshold for
these analyses was set at Po0.05.
Functional MRI image acquisition
All experiments were carried out on a GE 1.5 T TwinSpeed scanner
(GE Healthcare, Milwaukee, WI) with an eight-channel phased-array
receive-only head coil (Invivo Devices, Gainesville, FL) for data
collection. PseudoContinuous Arterial Spin Labeling consisted
of a series of 800 microseconds, 25° Hanning window-shaped RF
pulses. Repetition time between pulses was 1736 microseconds;
gradient residual moment was set at 13.6%. Labeling duration was
1600 milliseconds with a post-labeling delay of 1000 milliseconds.
Control and label imaging pairs were acquired by changing the
phase of alternating RF pulse by 0° and 180°, respectively. Two non-
selective inversion pulses were interleaved among the pCASL
RF pulses, and the post-labeling delay was set at 673 and 2219
milliseconds. For 3D-GRASE-Propeller, a number of rectangular
volumes (known as bricks) were acquired at different rotation angles
relative to the central kz-axis. Each brick was sampled with a multi-
shot 3D-GRASE readout module. Eight bricks were evenly distributed
from 0 to 157.5° by an incremental angle of 22.5°. The number of
bricks acquired for each image satisﬁed the Nyquist sampling
criterion and ensured adequate perfusion signal-to-noise-ratio.
Further reduction in through-plane blurring was achieved by
Positive correlation with the pleasurable sensation
Scratching an itch condition
SMA
SMA
Midbrain
Putamen
OFC
Caudate
MCC
x  = – 2
x = – 4
Scratching alone condition
z  = – 14
z  = – 12
Red: positive correlation in the patient group
Blue: positive correlation in the healthy control group
y  = 12
y  = 6
Figure 4. Signiﬁcant positive correlation in activity with pleasurability
during scratching. Brain regions showing signiﬁcant positive correlation
between activity in the scratching-an-itch condition (vs. baseline) and
pleasurability (a) and between activity in the scratching-alone condition (vs.
baseline) and pleasurability (b). Signiﬁcant correlations in the chronic itch
group are displayed in red; signiﬁcant correlations in the healthy control group
are displayed in blue. Statistical signiﬁcance was set at Po0.05 for cluster
level (corrected for whole brain) and Z-score42.3. MCC, midcingulate cortex;
Prec, precuneus; SMA, supplementary motor area.
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employing a partial-Fourier multi-shot. The partial-Fourier multi-shot
encoding along the slice encode direction resulted in full brain
coverage (31 slices) with 5mm slice thickness using 24 encodings.
Each brick was acquired with a positive and a negative frequency-
encoding gradient during the echo planar imaging (EPI) readout. The
toggling of the frequency-encoding gradient allowed Nyquist ghosts
to be removed using the self-referenced correction method ghost
elimination via spatial and temporal encoding (GESTE). The
acquisition pattern for each propeller brick was Control/Label arterial
spin labeling (ASL) pairs in the innermost loop, multi-shot slice
encoding, then frequency-encoding gradient alteration in the outer-
most loop. The angle of the next propeller brick was increased by
22.5° and the cycle was repeated. The total scan time was 4 minutes
and 54 seconds [Tscan time= TR × (NASL×NBlade×NShots×NGESTE+2)],
where TR was the repetition time (3000ms). The total scan time
included two additional scans to achieve a steady state. Rotational
and translational motion correction was performed along the in-
plane direction. The same motion correction reference image was
used for both control and label blades during the in-plane motion
correction. The corrected blades were gridded onto a Cartesian
coordinate space with uniform-density compensation. The ﬁnal
image for each slice was obtained by performing a two-dimensional
Fourier transform on k-space data. The control and label images were
reconstructed separately and then subtracted to obtain the perfusion
weighted image. High-resolution anatomical images were acquired
using three-dimensional (3D) T1-weighted spoiled gradient recalled
(SPGR) for tissue segmentation. Imaging reconstruction software was
written in Matlab (Mathworks, Natick, MA) using functions from the
National Center for Image Guided Therapy Fast Imaging Library.
Data analysis
The functional image analysis package FSL (Functional Magnetic
Resonance Imaging of the Brain Software Library, Center for FMRIB,
University of Oxford, Oxford, UK) was used for image processing
and statistical analysis. The cerebral blood ﬂow (CBF) data were
movement-corrected and spatially smoothed using a 5mm 3D
isotropic Gaussian kernel. Each CBF image was scaled by its mean
global intensity (intensity normalization) to minimize variability due
to global CBF changes. Next, each subject's CBF images were
registered to their structural data using a seven-parameter linear 3D
transformation and transformed into standard stereotaxic space as
deﬁned by the Montreal Neurological Institute, using a 12-parameter
linear 3D transformation. Standard general linear model-based
analyses using ﬁxed-effects models within subjects and random-
effects models (FLAME1+2) between subjects were performed for the
following statistical analyses: (1) scratching an itch versus baseline—
brain activations and deactivations in the scratching-an-itch condi-
tion, in chronic itch patients, and in healthy control groups were
analyzed separately and were compared with each other by means of
a t-test; (2) scratching alone versus baseline: this was analyzed in
each group and then compared between two groups; (3) correlation
analyses between brain responses induced by scratching an itch (i.e.,
scratching an itch vs. baseline) and pleasurability ratings were
performed for each group; (4) correlation analyses between brain
responses evoked by scratching alone (i.e., scratching alone vs.
baseline) and the ensuing pleasurability were performed for each
group. All analyses were performed as whole-brain analyses.
Statistical signiﬁcance was set at Po0.05 for cluster level (corrected
for whole brain) and Z-score42.3 (Worsley, 2001).
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